Abstract -Mid-to Upper Devonian strata of the lower Witteberg Group in the Cape Fold Belt of South Africa comprise three principal facies deposited in the shoreface and contiguous inner shelfalong a storm-dominated coastal zone. Weakly burrowed mudrock with variable minor proportions of wave-rippled sandstone (linsen, flasers, hummocky cross stratification [HCSJ) (facies 1) accumulated in the inner shelf below, near, and just above storm wave base. Very fine-and finegrained sandstone that displays flat and wavy lamination and HCS, as well as compound wave-ripple lamination (facies 2), was deposited in the lower shoreface above fair-weather wave base. Fine-to coarse-grained sandstone containing crosslamination, anisotropic HCS, and compound wave-ripple lamination (facies 3) formed in the mid to upper shoreface. Regionally, lower Witteberg strata change from proportionally more facies 2 and 3 at proximal (northern) sites to mostly facies 1 at distal (southern) 
Introduction
Near the southern end of Africa, the Cape Fold Belt ( Figure   1 ) exposes a 6-to 10-km-thick sedimentary succession known as the Cape Supergroup Broquet, 1992; Theron, 1993) . This great wedge of siliciclastic detritus accumulated from Ordovician through Early Carboniferous time on a passive continental margin of what has been called the Aguihas Sea (Marshall, 1994) near the southern termination of Africa. The youngest of the three groups within the Cape Supergroup is the Witteberg Group, whose age ranges from Middle Devonian (Givetian Stage) to Early Carboniferous (Visean Stage) (Theron, 1993) . The Witteberg Group crops out on the interior margin of the Cape Fold Belt, flanking the semi-arid region known as the Karoo (Figure 1 ).
Over most of its extent, the linear outcrop belt has an east- west orientation, but toward the western margin of South Africa the orientation becomes north-south. The coarser, more resistant sandstone units stand out topographically as higher ridges (Figure 2 ), while the finer mudrock units are recessed and largely covered by a regolithic veneer.
The objective of this study is to develop a metre-scale history of the relative depths of deposition involved in the sequential genesis of the lower part of the Witteberg Group from Givetian through Frasnian time, The hierarchy of smallscale fluctuations of relative sea-level recorded in these lower Witteberg strata then can provide a basis for sequence stratigraphic interpretation and for dating of these relatively unfossiliferous strata.
Late Devonian palaeogeography
In the latter half of the Devonian, mud and quartz-rich sand from a metamorphic-rock-dominated provenance in the eraton interior (Johnson, 1991) were transported southward toward the Agulhas Sea (Rust, 1973) . Upon entering the marine realm, the sediment was dispersed basinward (south), as well as eastward parallel to the coast (Theron and Loock, 1988; Theron, 1993) . The orientation of the coastline is not known with precision, but it is likely to have been approximately east-northeast to west-southwest over much of its extent. Near the western end of the Cape Fold Belt, the coastline appears to have swung to a more north-south orientation, reflecting an approach to a western source area (Theron and Loock, 1988) .
At the time of deposition of the lower Witteberg Group, world-wide sea-level was approaching a second-order high stand, the highest of the entire Devonian, near the FrasnianFamennian boundary (Johnson et at., 1985) . This broad rise was punctuated by subordinate third-order (2 -4 Ma) fluctuations of relative sea-level, similar to those commonly reported from Palaeozoic strata (Johnson et at., 1985; Ross and Ross, 1985; Mitchum and Van Wagoner, 1991; Johnson, 1996; Schutter, 1992 , as reported by Smith et at., 1996; Miall, 1997) . With Devonian atmospheric CO2 quite high (Berner, 1994; Mora et at., 1991) , and continents widely dispersed ( Van der Voo, 1988) , the Late Devonian Earth was warm (Frakes, 1979; Brand, 1989) and in a 'greenhouse state' (Fischer, 1981) . The oxygen content of the oceans was additionally depleted by the increasingly large amounts of plant detritus that came from terrestrial environments (Algeo et at., 1995) . The combination of these factors produced stratified oceans in which circulation was sluggish and the pycnocline was high (Ettensohn and Elam, 1985; Woodrow, 1985; Pashin and Ettensohn, 1992; Algeo et at., 1995) . Anoxic bottom waters spread broadly over shallow shelves (Brand, 1989; Savoy, 1992; Joachimski and Buggisch, 1993; Chow et at., 1995; Girard and Albarede, 1996) , producing a Late Devonian black shale event world-wide (Wilde and Berry, 1984; Berry et at., 1989) . 
Stratigraphy and general relations
This report deals with the three formations that comprise the lower part of the Witteberg Group in the western part of the Cape Fold Belt: the Wagen Drift; Blinkberg; and Swartruggens Formations (Figures 2 and 3 ). This lower part of the Witteberg Group is underlain by the shaly Karoopoort Formation of the Bokkeveld Group, and overlain by the thick, sandstone-dominated Witpoort Formation (Theron and Thamm, 1990; Broquet, 1992) (Figure 3) . Along a proximal-distal (north to south) transect, the Witteberg Group as a whole undergoes (1) an increase in overall thickness, reaching more than 1500 m toward southernmost exposures (Theron and Loock, 1988) , (2) a diminishing of the average grain size of the sandstone, and (3) an increase in the proportion of the succession that is mudrock (Visser and Theron, 1973; Cooper, 1986; Theron and Loock, 1988) . Comparable proximal-distal changes occur within each of the three individual formations. For example, the Blinkberg Formation, which at proximal and medial localities is a cliffmaking, sandstone-dominated unit separating mudrock-dom inated units above and below (Figures 2 and 3) , at distal localities has so little sandstone that it can no longer be differentiated as a separate stratigraphic unit (Theron et at., 1991; Theron, 1993) .
General characteristics of the lower Witteberg formations have previously been described by Hiller and Dunlevey (1978) , Theron and Loock (1988) , Theron and Thamm (1990) , Broquet (1992) , and Theron (1993) . The Wagen Drift Formation is mudrock-dominated, with thin sandstone units; the Blinkberg Formation is sandstone-dominated; and the Swartruggens Formation is heterolithic, but with more mudrock than sandstone (Figure 3 ). Previous sedimentological interpretations of these formations appear to rely heavily on a model of prograded delta complexes by Tankard and Barwis (1982) for the conformably underlying and superficially similar Bokkeveld Group. In consequence, the principal depositional environments have been proposed as extensive barrier complexes developed seaward of tidal flats during reworking of the deltas Theron and Loock, 1988; Theron, 1993) .
Deposition of the lower Witteberg Group is understood to begin in the mid-Givetian Stage of the Devonian Period and to extend to the Frasnian-Famennian boundary (Hiller, 1990; Hiller and Taylor, 1992; Theron, 1993; Hiller and Gess, 1996) , but that judgment is based on a sparse palaeontological record. A restricted assemblage of brachiopods, including Tropidoteptus, found at several exposures of the Wagen Drift Formation in the area of this study makes it possible to say that the lower Witteberg is older than the Famennian Stage (Boucot et at., 1983) . Fragments of fossil fish recently collected from the upper part of the Wagen Drift Formation at Rooikloof (see below) suggest a probable Givetian age for that unit (J. Almond, pers. comm., 1998) . Above the lower Witteberg, the Witpoort Formation appears to have a Famennian age in the eastern part of the Cape Basin, based on identification of an assemblage of fishes and plants (Anderson et at., 1994; Long et at., 1997) . Unfortunately, shelly fossils are unknown from the Blinkberg and Swartruggens Formations (Theron, 1993) .
Most previous reports on the Bokkeveld and Witteberg Groups propose that the formation-level alternation of mudrock-dominated and sandstone-dominated lithologies Theron and Loock, 1988; Broquet, 1992; Theron, 1993) was tectonically controlled by variations in the rate of basin subsidence, which in turn led to the episodic progradation of a series of delta complexes Theron and Loock, 1988; Theron, 1993 ). An alternative view was presented by Cooper (1986) , followed by Hiller and Taylor (1992) , who suggested that this large-scale pattern of alternating lithologies resulted from eustatic fluctuations of sea-level equivalent to those proposed for Devonian strata of Euramerica by Johnson et at. (1985) . This supports, in Cooper's (1986) view, the proposition that deposition of the lower Witteberg Group began in mid-Givetian time and extended to the Frasnian-Famennian boundary.
Facies of the Lower Witteberg Group
Facies 1 -Mudrock and wave-rippled sandstone
The more recessive parts of the lower Witteberg Group are dominated by medium to coarse, micaceous, largely unburrowed, medium-grey to brownish-grey siltstone. Much of this silty mudrock contains admixtures of very fine sandstone in the form of wave-generated ripples with a variety of geometries and scales (Figure 4 ). Other parts have little sandstone, but instead have numerous very thin, flat beds of coarser siltstone that commonly show sharper bases and a slight grading; these closely resemble the silt-streaked lammites ofDe Raaf et at (1977) . As the proportion of sandstone increases, structures vary from linsen (isolated lenses) through flasers to thin beds of compound wave-ripple lamination that has most of the wave-diagnostic characteristics summarized by De Raaf et at. (1977, figures 7 and 8) . Also present, particularly at more proximal localities, are thin or mediumsandstoneinterbedsthatcontainflatlaminationand or varieties of hummocky cross-stratification (HCS). The top surfaces of some of these interbeds display interference and otherwave-generatedripplepatterns.Smallguttercastsand or ball-and-pillow structures are uncommon. -A very sm-allproportion of the mudrock is weakly to modetately bioturbated.
Interpretation. This facies accumulated in the shallow-marine shelf, near and above storm wave base in conditions that were nearly always anoxic. At depths below storm wave base, 'sus- pension clouds' of storm-entrained coarser silt or sand mantled the flat mud surface to form thin, graded beds (Aigner and Reineck, 1982; Aigner, 1985; Myrow, 1992; Colquhoun, 1995) . Above storm wave base, very fine-grained sand introduced by storms was reworked into varieties of wave-generated ripple forms by late-stage oscillation related to the same storms (De Raaf et at., 1977; Pedersen, 1985; Driese et al., 1991; Davis and Byers, 1993; Brenchley et at., 1993; Krassay, 1994; Colquhoun, 1995) . Thin and medium interbeds of flat-laminated and/or hummocky cross-stratified sandstone are storm beds ('tempestites') deposited above storm wave base (Aigner, 1985; Brenchley, 1985; Cotter, 1990; Brenchley et at., 1993; Myrow and Southard, 1991; . In the anoxic conditions characteristic of shallowmarine shelves in the Late Devonian (see above), bioturbators were largely absent, thereby enabling preservation of many fine, process-indicating details. The ecological interpretation of below wave base, subtidal conditions for the sparse brachiopod fauna found in mudrock of the Wagen Drift Formation (Boucot et at., 1983; Hiller, 1990 ) is consistent with the restricted shelf setting proposed for this facies.
Several arguments appear to eliminate the possibility that these lower Witteberg deposits are of tidal-flat origin. In regional distribution, this facies occurs at more distal locations in the basin than the sand-dominated facies; when tracked in a basinward direction, this type of mudrock and interbedded rippled sandstone becomes more abundant as it increasingly separates thinning units of sandstone. In vertical facies successions (see below), this facies rests sharply atop underlying sandstone units and subsequently coarsens gradually upward into sandstone facies; no examples of finingupward sequences, said to be so characteristic of prograded tidal flats (Klein, 1972; Weimer et at., 1982) , have been found. Missing from lower Witteberg mudrocks, moreover, are other features considered to be diagnostic of tidal flats, such as desiccation cracks, tidal channel sandstones, herringbone cross-stratification, and cyclic patterns of mud drapes or thin-thick alternations in either thin-bedded laminites or bundles of sandy foresets (Terwindt, 1988; Nio and Yang, 1991) . It is also unlikely that thin interbeds of hummocky crossstratified sandstone ('tempestites'), which are common in the lower Witteberg, would be present, in tidal-flat deposits.
Numerous studies of similar associations of mudrock and wave-rippled sandstone have also attributed their origin to deposition below fair-weather wave-base; these include the reports by Roep et at. (1979) , Aigner (1985) , Pedersen (1985) , Schieber (1989 Schieber ( , 1990 , Myrow (1992) , Davis and Byers (1993) , and Krassay (1994 ). De Raaf et al. (1977 contributed an early, well-illustrated report of Carboniferous shallow-marine strata that proposed such an interpretation. Many aspects of this facies are similar to those of contemporaneous Upper Devonian shallow-marine, muddy shelf deposits in the Appalachian Foreland Basin of North America (Craft and Bridge, 1987; Halperin and Bridge, 1988; Bridge and Willis, 1994; Cotter and Dreise, 1998) .
Facies 2 -Sandstone with flat, wavy lamination and hummocky cross-stratification
The second facies consists of fine, micaceous sandstone in units of medium to thick beds that occur at the tops of coars- ening-upward sequences, gradationally above units of mudrock and wave-rippled sandstone (facies 1). This facies is common in the Swartruggens Formation and, to a lesser degree, in the Wagen Drift Formation. Sandstone unit thicknesses range from I to 8 m, with most 2 to 6 m. Two associations of sedimentary structures are present: (1) compound wave-ripple lamination, including the variety termed 'waveknit' by De Raaf et at. (1977) , and (2) flat or broadly undulose lamination and isotropic hummocky cross-stratification (HCS) ( Figure 5 ). As grain sizes increase upward in a given sandstone unit (from very fine to fine, uncommonly medium, sand), sedimentary structures also change from mostly compound wave-ripple lamination to mixtures of flat and undulose lamination and hummocky cross-stratification. Top surfaces are sharp and commonly broadly undulose, and some also display symmetrical and interference ripple forms. Biogenic structures are a small component of most of these sandstone units; the most common is Spirophyton, seen on bed tops as concave-upward saucers with a pinwheel array of delicate spreiten around a central shaft.
Interpretation. The sand of this facies was deposited in the distal shoreface, near and slightly below fair-weather wave base. Storms create both intense wave oscillatory currents and unidirectional currents, and some combination of these produces both combined-flow ripples and hummocky cross-stratification (HCS) (Harms, 1979; Arnott and Southard, 1990; Duke, 1990; Duke et at., 1991; Cheel and Leckie, 1993) . With more intense processes, flat lamination can result (Nottvedt and Kreisa, 1987; Myrow and Southard, 1991; Brenchley et at., 1993; Mitgaard, 1996) . Broadly undulose lamination is common in shallow-marine sandstones that are otherwise flat-laminated, and Arnott and Southard (1990) suggest that it could be formed by combined flow, possibly as a transitional state between HCS and flat lamination. The assemblage of structures in this facies indicates that deposition took place at depths where storm waves repeatedly molded sand surfaces, resulting in amalgamation of numerous genetic units of sand (De Raaf et at., 1977; Brenchley et at., 1993) . HCS is reported to be characteristic ofthe lower shoreface and transition to offshore (Duke, 1985; Walker and Plint, 1992; Cheel and Leckie, 1993) . The absence of crosslaminated beds and the sparseness of swaley cross-stratification indicate that upper shoreface deposits are not preserved in this facies. Beds of compound wave-ripple lamination formed in less intense oscillatory conditions (Myrow and Southard, 1991; , in most cases at depths greater than that in which HCS was deposited (De Raaf et at., 1977; Handford,1986; Drieseetal.,1991; Krassay,1994) .The gradual vertical trend of increasing grain size and scale of sedimentary structures, therefore, records a progressive shallowing during accumulation of units of this sandstone. The biogenic structure Spirophyton is known to have formed by opportunistic organisms in environments that were ecologically stressed, possibly by the shortage of oxygen (Miller, 1991; Pembertonet al.,1992) .
Facies 3 -Sandstone with cross-lamination, anisotropic HCS, and wave-ripple lamination
The majority of the Blinkberg Formation and some proximal parts of the Swartruggens Formation consist of fine-to coarse-grained, medium-to thick-bedded, well-sorted quartz arenite. Some beds of this sandstone contain granules and/or pebbles, particularly at more proximal locations. Also present are thin (approximately one metre) zones of mudrock (see below). Because of the great lateral continuity of the sandstone and thin mudrock zones, the sandstone units resemble features referred to as 'sandsheets'. Two characteristic structures associated with the sandstone are medium-angle crosslamination and compound wave-ripple lamination (Figures 6  and 7) . Some of the cross-laminated beds have undulose or convex-upward upper bounding surfaces, with a superficial trough-like appearance resulting from the amalgamation of several lenticular beds that have undulose upper surfaces ( Figure 6 ). These structures are not typical trough crossstrata, but instead resemble varieties of anisotropic HCS (Nottvedt and Kreisa, 1987; Winn, 1991; Mitgaard, 1996) . Cross-laminae are inclined consistently in a direction normal to the axes of the apparent troughs (Figure 6 ). At a given outcrop, cross-laminae are inclined primarily southward (basinward), but a smaller proportion of other cross-laminae in the same outcrop can be inclined to the north (landward) or toward the east (along.depositional strike). Flat lamination is a minor component of the sandstone in some outcrops.
The second structure, compound wave-ripple lamination, is intimately interbedded with the cross-stratification and becomes proportionally more abundant from north to south (basinward). At more proximal sites in the basin, compound wave-ripple lamination is present as toeset and bottomset laminae at the bases of cross-stratified beds and also occurs as thin beds draped over arched upper surfaces of cross-bed sets (Figure 7 ). At more distal sites, it can comprise entire decimetre-to metre-thick beds that commonly have gently convex-upward upper surfaces, such that bed thicknesses can double in lateral distances of 30 -40 m. The small-scale, ripple cross-laminae in these beds have a generally consistent direction of inclination and a tendency to form climbing ripples; on the upper surfaces of many of these beds these ripples appear as a crude form of rib-and-furrow structure.
Interpretation. Deposition of this facies took place largely in high-energy, mid-to upper-shoreface conditions under the influence of storm-generated combined flow, Characteristics of this facies are different from those of facies 2 because depositional conditions were shallower, the unidirectional flow component was stronger, and the average grain size was coarser (Nottvedt and Kreisa, 1987; Myrow and Southard, 1991; Mitgaard, 1996) . The stronger unidirectional flow swept sand waves or hummocks laterally to produce anisotropic HCS (Myrow and Southard, 1991; . In situations where sandstone grain sizes are coarser than very fine and fine sand, cross-lamination can form instead of HCS (Nottvedt and Kreisa, 1987; Duke 1985; Cheel and Leckie, 1993) .
Based on the greater relative abundance of compound wave-ripple lamination in lower parts of coarsening-upward sandstone units and at more distal basinal sites, it appears likely that the combined-flow ripples of the lower Witteberg formed at greater depths than the depths in which anisotropic HCS formed (De Raaf et at., 1977; Mitgaard, 1996) . The intimate association of such combined-flow ripples with anisotropic HCS (Figures 6 and 7) indicates, however, that the two structures could form at the same depth. In such situations, the combined-flow ripples would form at positions of reduced flow intensity (Nottvedt and Kreisa, 1987; Myrow and South-ard, 1991; , such as where flow expands (Mitgaard, 
1996).
These conditions have been reported to develop on broadly convex-upward sandshoals (Reading and Collinson, 1996) . Associations of cross-lamination, anisotropic HCS, and compound wave-ripple lamination are found in other ancient sandstone bodies that have been interpreted to have formed under the operation of storm-generated combined flow (Nottvedt and Kreisa, 1987; Carr and Scott, 1990; Winn, 1991; Brenchley et al., 1993; Arnott, 1993; Mitgaard, 1996) . In many of these analogous cases, the unidirectional flow component has been postulated to have been directed oblique or nearly parallel to the coast (Winn, 1991; Mitgaard, 1996) .
Depositional setting
Deposition of the lower Witteberg Group took place along a storm-dominated Mid-to Late Devonian coastal margin. Although the accumulating sediment is likely to have reached the coast via a series of river input centres, it is difficult to differentiate true deltaic deposits from those of the shoreface and contiguous inner shelf. The three principal facies represent a spectrum of different depths of deposition. The mudrock-dominated facies 1 accumulated in inner shelf conditions, near and above storm wave base. The sandstonedominated facies 2 and facies 3 formed in the shoreface, near and above fair-weather wave base. Facies 2 was deposited under lower shoreface conditions, while facies 3 formed in the middle to upper shoreface.
Laterally extensive, thin sheets of sand with the characteristics of facies 2 and 3 have in the past commonly been identified as 'offshore bars', 'shelf sand ridges', or 'shoal complexes' that were deposited in distal parts of muddy, storm-dominated shelves, far seaward of the coastline (Nottvedt and Kreisa, 1987; Winn, 1991; Can and Scott, 1990; Mitgaard, 1996) . Views on the origin ofsuch sandsheets have undergone significant revision (see reviews by Walker and Plint, 1992; Johnson and Baldwin, 1996; Miall, 1997) , and interpretations now involve deposition under shoreface conditions. Specific case studies with this interpretation are presented by Plint (1988), Walker and Bergman (1993) , Bergman (1994) , and Mellere and Steel (1995a; 1995b) . The architecture and positions of the sandsheets are said to be consequences of fluctuations of relative sea-level. Thin, sheetlike sand bodies can develop when nearshore depositional systems prograde basinward during highstand conditions and in the following lowstand phases. In subsequent transgressive phases, these sheets of sand are reworked by shoreface erosion. Surf-zone erosion during transgression can completely remove intermediate parts of the progradational sand sheets, isolating distal lowstand segments as mud-enveloped sand bodies; these are what were previously termed 'shelf sand ridges' or 'offshore bars'. Even though the surfzone erosion can truncate upper parts of the sand units, redistribute the sand over broader areas, and concentrate any gravel into separate beds and lags, a continuous sheet of sand can be preservedin circumstances where there is an appropriate balance between subsidence rate and sediment supply.
As the lower Witteberg Group accumulated at the margin of the Agulhas Sea, sheetlike bodies of sand (facies 2 and 3) were prograded basinward (southward) during highstand and regressive phases as relative sea-level underwent small-scale fluctuations (see subsequent section). In subsequent transgressive phases, surf-zone erosion truncated parts of the upper shoreface deposits, concentrating coarse sand and gravel into discrete beds. The balance among the rates of sedimentation, subsidence, and sea-level rise was such that the progradational sandsheets were not completely removed during the transgressions.
Description of sequences
Although the formation-level alternation of sandstone and mudrock in the Bokkeveld and Witteberg Groups has been widely reported Theron and Loock, 1988; Broquet, 1992; Theron, 1993) , a smaller, metre-scale repetitive alternation of sandstone and mudrock facies has received little attention. This pattern results in the distinctly corrugated landscape surface (Figure 2 ) that is described in some geological reports on parts of the Cape Fold Belt (Gresse and Theron, 1992; Theron, 1993) . The only detailed sedimentological analysis of this pattern appears to be that of Cole and Labuschagne (1983) , who interpreted 15-to 30-mthick coarsening-upward sequences in the correlative Weltevrede Formation in the eastern part of the Cape Fold Belt to be the result of storm-influenced subtidal deposition and fluctuations of relative sea-level.
Generalized composite sequence
The metre-scale corrugated landscape pattern (Figures 2 and  8 ) in the lower Witteberg Group is the consequence of numerous, repetitive coarsening-upward sequences whose thickness averages about 10 m. Generalization of the characteristics of many specific coarsening-upward sequences produces the composite sequence shown as Figure 9 . The sequence begins sharply above the undulose top surface of the underlying sequence as a lower unit of mudrock and wave-rippled sandstone (facies 1), which in turn passes transitionally over a thickness of decimetres to metres into the sandstone of facies 2. Sedimentary structures low in the facies 2 sandstone unit are predominantly compound wave-ripple lamination, but this gives way to larger-scale structures, principally flat and broadly undulose lamination and HCS. The sequence ends abruptly with a commonly undulose top surface sharply below more mudrock of facies 1. Variations of this generalized sequence are considered in specific sections below. 
Representative examples of repetitive sequences

Swartruggens Formation at Ossenkloof
Inasmuch as pelitic mudrock units are poorly exposed at most outcrops of the lower Witteberg, it is important to describe a section in which all parts of numerous sequences are well exposed. A relatively complete section of the lowest third of the Swartruggens Formation is exposed at Ossenkloof, a locality proposed as a Swartruggens stratotype by De Beer (1990) (location information in Appendix). The section comprises a stack of ten sequences ( Figure 1OA ) whose average thickness is 9 m. Progressing upward in the stack, the sequences change systematically; those in the lower part of the stack have a higher proportion of mudrock deposited in shelf conditions (facies 1) and thinner units of sandstone deposited under shoreface conditions (facies 2) than do sequences higher in the stack ( Figure 10A ).
Swartruggens Formation at Elim
The section of the Swartruggens Formation near Elim Farm displays a total of 16 sequences in 207 m. Although very little of the mudrock fades (facies 1) is exposed in the section (Figures 8 and lOB) , some confidence that covered intervals also contain facies I comes from exposures of mudrock and wave-rippled sandstone along the bank of the dry stream bed adjacent to the outcrop but out of the line of section. More evidence offacies I is present in small 'windows' through the scree and as partial exposures directly below sandstone units (facies 2). The small-scale sequences are organized vertically in the form of two stacked sets; in each set the sequences generally become thicker and slightly coarser upward. The culminating sandstones in these sets represent the two thicker, ridge-making sandstones reported to characterize the Swartruggens over a broad region of the western part of the Cape Fold Belt (De Beer, 1990; Gresse and Theron, 1992 ) (see Figure 2) .
Wagen Drift Formation at El/rn
The mudrock-dominated Wagen Drift Formation is typically poorly exposed, but its uppermost 63 m are completely displayed in a roadcut at Elim ( Figure 10C ). Two well-defined coarsening-upward sequences toward the base of this section appear to be equivalent to the distinct sandstone units reported to comprise the basal part of the Wagen Drift by Hiller and Dunlevey (1978) . Above these two units, the mudrock and wave-rippled sandstone (facies 1) is organized in packages up to 12 m thick that have different minor percentages of wave-generated ripples (linsen). In this, packages of flat-bedded laminite (deposited below storm wave base) several metres thick are sandwiched between packages of mudrock that contain very fine sandstone with linsen and/or flaser structures (deposited near and slightly above storm wave base). The alternation of such packages permits the delineation of sequences that coarsen upward from laminites to mudrock and wave-rippled sandstone( Figure 10C ). Even though the delineation of such distal sequences is more subtle, the exposed Wagen Drift Formation at this locality appears to have eight sequences that range in thickness from 4 to 13.8 m, with the average being near 8 m. The assemblage of brachiopods described by Boucot et al, (1983) was collected from the unburrowed, flat-bedded siltstone approximately 48 m above the base of the measured section (J. Almond, pers. comm., 1997).
Wagen Driftl Formation at Rooikloof
A confirmation of the nature of the Wagen Drift Formation is provided by a section at Rooikloof, south of Laingsburg, that exposes the uppermost 78 m of the formation ( Figure 10D ). The section is predominantly mudrock with the characteristics of facies 1, including many of the varieties of wave-generated ripples in mud illustrated by De Raaf et al. (1977) and Reineck and Singh (1980) (see Figure 4) . Also present are thin storm beds of sandstone that contain HCS. Two parts of the section ( Figure 10D ) contain higher proportions of sandstone and contain several coarsening-upward sequences. Approximately half of the 10 m between 28.5 and 38.5 m consists of sandstone that includes HCS and signs of amalgamation. In addition, much of the section between 60.5 and 73 m consists of sandstone with compound wave-ripple lamination and/or HCS, and within this there are also some coarsening-upward patterns. More sequence boundaries can be defined in the mudrock-dominated parts of the section based on variations in the proportion of sandstone ripples in the mudrock, but considering the section as a whole, it is difficult to delineate with confidence all sequence boundaries. Much of the mudrock with its small-scale structures is undisturbed by biogenic reworking, but the uppermost 5 m of the section is thoroughly bioturbated by Spirophyton.
Blinkberg at Elim
Where the sandstone-dominated Blinkberg Formation is exposed in cliff sections, details of the internal structures are typically obscured by weathering, but a highway cut near Elim continuously exposes 68 m ( Figure 10E) . Most of the Blinkberg here has the characteristics of facies 3, with medium-angle cross-lamination and compound wave-ripple lamination intimately associated (Figures 6 and 7) . Several of the sandstone units contain thin beds of conglomeratic sandstone in which gravel sizes reach more than 1 cm (e.g. bed at 7 m of the section; Figure 10E ). The section is not all sandstone and conglomerate, for it also contains a number of thin units of mudrock (facies 1). These mudrock units provide the basis for defining seven subdivisions whose average thickness is 9.7 m. This thickness is consistent with the typical striped appearance of the Blinkberg in cliff exposures wherein thin, recessed mudrock units can be seen to subdivide the sandstone into stratal packages approximately 10 m thick. With this average thickness and the evidence that boundaries of the outcrop subdivisions are based on repetitive changes in the relative depth of deposition, the Blinkberg Formation demonstrates that it also contains sequences equivalent to those in other parts of the lower Witteberg Group.
Interpretation of sequences and stacking patterns Paraseq uences
The repetitive, metre-scale, coarsening-upward sequences in the lower Witteberg Group in the western Cape Fold Belt are parasequences, or conformable shallowing-upward facies successions topped by marine flooding surfaces (Mitchum and Van Wagoner, 1991) . Each sequence demonstrates a progressive shallowing during its accumulation, beginning close to storm wave base (facies 1) and moving up to mid or even upper shoreface (facies 2 or 3), before being terminated by a relatively abrupt deepening. In the lower Witteberg as a whole, the presence of stacks of shallowing-upward parasequences of similar magnitude in all formations attests to the operation of cyclically repeated small-scale fluctuations of relative sea-level during its accumulation.
The parasequences are most distinctly evident in parts of the lower Witteberg in which the proportions of sandstone and mudrock are approximately balanced, such as the Swartruggens Formation (Figures 8, 10A and lOB) and the lower part of the Wagen Drift Formation ( Figure 10C ). The proximal Wagen Drift Formation also displays parasequences very similar to the generalized composite. In much of the Wagen Drift, however, particularly at more distal locations, the parasequence boundaries are more subtle. In such situations, parasequences are typically characterized by the alternation of units of mudrock that have different degrees of shelf stormbed proximality. An example of this is a unit of unburrowed, flat-bedded, silt-streaked laminite deposited below storm wave base that is bounded above and below by units of mudrock that have linsen and flasers and were deposited above storm wave base ( Figure 10C, 26-63 m) . Similar examples in which shallowing-upward sequences are revealed by the alternation of two different distal, mudrockdominated facies have been reported by Aigner (1985) , Cotter (1988) , Jennette and Pryor (1993) , Sageman (1996) , and Holland et al. (1997) .
The sandstone-dominated Blinkberg Formation was deposited under generally shallower conditions. Most of the time, sand and some gravel accumulated in high-energy, combinedflow, shoreface conditions (facies 3). At times of relative highstand of sea-level, however, thin mudrock-bearing units were deposited in lower shoreface and inner shelf conditions ( Figure 10E ). Only small amounts of mudrock were preserved because successive progradational episodes were into relatively shallow water (Hart and Plint, 1993) .
The total number and average thickness of parasequences in the lower Witteberg Group can be determined either by measurement of specific stratigraphic sections, such as those illustrated in Figure 10 , or by counting the number of thin ledges of sandstone that stand out from the recessed units of mudrock on steep cliffs. A combination of both approaches indicates that the Wagen Drift Formation typically contains about eight parasequences, the Blinkberg Formation seven, and Swartruggens Formation twenty five, for a total number of approximately forty parasequences in the lower Witteberg Group as a whole. The total number of parasequences in the lower Witteberg should remain approximately the same along a proximal-distal transect, but the specific number of parasequences in each formation will vary depending on location. Those parasequences that are so distinct in the Swartruggens Formation (Figures 8, IOA and lOB) , for example, are temporally equivalent to some more subtle, mudrock-dominated, distal parasequences in the Wagen Drift Formation.
The average thicknesses of parasequences in each formation may be estimated in two ways. Measurement of specific measured sections, such as those in Figure 10 , indicates average parasequence thicknesses of 8 m for the Wagen Drift Formation, 9.7 m for the Blinkberg Formation, and 13 m for the Swartruggens Formation. The second approach is to divide the total number ofparasequences in the lower Witteberg (40) into the total thickness of the subgroup (460 -500 m). This provides an average parasequence thickness of 11.5 to 12.5 m. Both approaches indicate that the lower Witteberg parasequence thicknesses average between 9 and 12 m. While it is difficult to attach a precise significance to such a composite average, the value is useful in comparing these lower Witteberg parasequences to stratigraphic units elsewhere.
An approximate cycle periodicity can be estimated by dividing the total number of parasequences into the total elapsed time. Deposition of the lower Witteberg began in the middle part of the Givetian Stage, and continued until the end of the Frasnian Stage (Hiller, 1990; Hiller and Taylor, 1992; Theron, 1993; Hiller and Gess, 1996; J. Almond, pers. comm., 1998) . The duration of the Givetian Stage as a whole was 10 my (Gradstein and Ogg, 1996) , while duration of the Frasnian Stage was 6 my (Gradstein and Ogg, 1996; Tucker et al., 1998) . The total elapsed time from mid-Givetian through Frasnian time was thus approximately 11 my. The periodicity of the forty parasequences, therefore, can be estimated to have been near 275 ky. A number ofreasons suggest that this estimate is a maximum. Some parasequences might have been missed, particularly in the poorly exposed, mudrock-dominated parts, and other cycles might not have been preserved ('missed beats'). Moreover, the estimate of total elapsed time is suspect because of the sparse biostratigraphic control. It is, for example, possible that deposition of the lower Witteberg commenced later in the Givetiani Stage and did not extend to the Frasnian-Famennian boundary, and that would shorten the estimated periodicity.
Parasequence sets
Genetically related parasequences can be stacked vertically in distinctive systematic patterns, called parasequence sets, that were produced by larger-scale net movements of the shoreline related to fluctuations of relative sea-level of longer term than those that caused the parasequences (Mitchum and Van Wagoner, 1991; Emery and Myers, 1996; Miall, 1997) . Parasequence sets commonly form distinctive stratal packages that extend over broad areas ofthe depositional basin (Emery and Myers, 1996) . Situations in which 'successively younger parasequences in the set build farther basinward' are termed progradational parasequence sets (Mitchum and Van Wagoner, 1991, p. 135) .
The lower Witteberg Group appears to be organized in terms of 3.5 progradational parasequence sets. The Swartruggens Formation contains two groups of up to ten parasequences each ( Figures 1OA and lOB) that have the distinctive vertical stacking patterns characteristic of progradational parasequence sets. This means that upward in each set, the parasequences become increasingly dominated by shallower facies to the point where sandstone units are thicker and more resistant, forming more prominent ledges (Figures 2, bOA and bOB). Another progradational parasequence set begins with the mudrock-dominated Karoopoort Formation of the underlying Bokkeveld Group, extends through the group of deeper-water parasequences in the upper Wagen Drift Formation (Figures 10C and D) and culminates with the shallower-water parasequences of the overlying Blinkberg Formation ( Figure 10E ) (see Figure 3) . Finally, still another progradational parasequence set consists of the parasequences in the uppermost Swartruggens Formation combined with those in the more sandstone-rich, shallower-water Witpoort Formation (Figures 2 and 3) .
Two arguments suggest that the periodicity of these parasequence sets in the lower Witteberg is in the vicinity of3 my. Accepting the previously estimated value of approximately 275 ky for the periodicity of each parasequence, a set of ten parasequences, such as those in the Swartruggens Formation, would have formed in approximately 2.75 my. Support for this estimate comes from observations that the lower Witteberg Group, which formed over an elapsed time of about 11 my (mid-Givetian through the entire Frasnian), contains 3.5 parasequence sets (Figures 2 and 11 ) indicating a periodicity of about 3 my for an individual parasequence set.
Discussion
Global eustasy
The numerous, repetitive, metre-scale, shallowing-upward parasequences in the lower Witteberg Group resulted from global eustasy. The strongest argument for this is the fact that contemporaneous Mid-Upper Devonian (Frasnian Stage) strata on four other continents contain vertically stacked shallowing-upward parasequences of similar magnitude (Cotter, in prep.) . Those reported cyclic patterns occur in a variety of siliciclastic and carbonate compositions, in deposits that accumulated in a broad range of coastal and shallow-marine settings and in a variety of different tectonic frameworks. The thicknesses reported for these other cycles are between 3 and 20 m, and their average is near 10 m, very similar to the thicknesses of the lower Witteberg Group parasequences.
The periodicity of the lower Witteberg parasequences was estimated to be near 275 ky, whereas the calculated periodicities for the contemporaneous cycles on other continents lie mostly in the range of 50 -100 ka (Cotter, in prep.) . Even though most calculations of periodicity are compromised by poor time control, different methods of calculation, and by use of different assessments of the durations of the elapsed time, it is still appears likely that the estimated cycle periodicity of lower Witteberg parasequences is longer than that of most of the other reported cycles.
Global eustasy also appears to be the cause of the largerscale parasequence sets in the lower Witteberg. Calculation of 3.0 my for the periodicity of the parasequence sets in the lower Witteberg Group places them clearly in the range of third-order cycles. Third-order cycles appear to be a fundamental organizational pattern in the stratigraphic record, for they have been reported from strata throughout the entire Phanerozoic, and are considered to be the fundamental unit of the Exxon global sea-level curve (see review in Miall, 1997) . Periodicities of such third-order cycles are said to range from about 1.5 to 4.0 my, with an average typically between 2 and 3 my (Mitchum and Van Wagoner, 1991; Miall, 1997) . With this, the lower Witteberg Group as a whole can be said to contain 3.5 third-order cycles: the Wagen Drift-Blinkberg couplet, two parasequence sets in the Swartruggens Formation, and one-half of the shallowing-upward event represented by the transition from the uppermost Swartruggens into the overlying Witpoort Formation. Support for global eustasy as the cause of the lower Witteberg parasequence sets also comes from their correlation with contemporaneous sea-level histories from other parts of the world.
While it is premature to assume that the patterns of Devonian sea-level proposed for Euramerica by Johnson et al. (1985) are a certified global standard into which the sea-level histories of all other coastal margins must fit, an increasing number of corroborating examples are being reported. Cooper (1986) was the first to suggest that Devonian depositional events in South Africa could be correlated with the northern hemisphere sea-level patterns proposed by Johnson et al. (1985) . Subsequent support for this view came from Hiller and Taylor (1992) . In a similar way, Talent and Yolkin (1987) , Talent (1989) , and Talent et al. (1993) demonstrated the applicability of the Euramerican sea-level history to other parts of Gondwana.
The lower Witteberg Group parasequence sets represent a series of fluctuations of relative sea-level that can be correlated with the sea-level history determined from other continents, thus corroborating and reinforcing the judgments of Cooper (1986) and Hiller and Taylor (1992) . The lowest parasequence set (Karoopoort/Wagen Drift-Blinkberg couplet) records an overall shallowing event equivalent to cycle Ila of Johnson et al. (1985) , and the uppermost parasequence set that begins in the Swartruggens Formation and extends up into the overlying Witpoort Formation is equivalent to cycle lid. Cycles JIb and IIc, which until this present study had not been identified in the lower Witteberg, are represented by the two complete progradational parasequence sets recognized in the Swartruggens Formation above the Blinkberg Formation (Figures 2 and 11 ). These correlations reinforce the assignment of the age of the lower Witteberg Group as extending from the middle of the Givetian Stage to the end of the Frasnian Stage in the Devonian Period.
Regional stratigraphic architecture
The hierarchical series of global sea-level fluctuations summarized above provide a sufficient explanation of the regional distribution of stratigraphic units in the lower Witteberg Group (Figure 11 ). At more proximal (northerly) locations, such as at Katbakkies and Biedouw in the western arm of the Cape fold Belt (Figure 1) , sandstone is so abundant that the three formations appear to be amalgamated (Visser and Theron, 1973) . In a basinward (southward) direction, mudrock becomes progressively more abundant until even the sandstone-dominant Blinkberg Formation cannot be differentiated from the mudrock-dominated formations above Figure 11 Stylized conceptual diagram demonstrating interpretation of the regional relations and sedimentary characteristics of the lower Witteberg Group in terms of a hierarchical series of progradational episodes that were determined by at least two orders of fluctuations of relative sea-level. and below (Theron et al., 1991; Theron, 1993) . These larger, formation-scale changes are a consequence of the third-order fluctuations of sea-level. The coastal depositional system prograded basinward (southward) as sea-level lowered from third-order highstands, and migrated back landward when third-order sea-level subsequently rose again.
Smaller, Milankovitch-scale patterns of coastal progradation and retrogradation were superimposed on these larger coastal migrations to produce the proximal-distal changes found within each of the separate formations. The proximal Wagen Drift Formation is dominated by sandstone that has the characteristics of facies 2 (shoreface), but in the distal direction, mudrock intercalations become more numerous and thicker until at distal positions the formation is predominantly mudrock (deeper shelf) that contains evidence of systematic shallowing and deepening of the shelf (Figures lOC and D) . Proximal Blinkberg sandstones and pebbly sandstones are cross-stratified and formed in mid to upper shoreface conditions (facies 3). When traced basinward, Blinkberg sandstones become finer-grained and assume the features of facies 2 (lower shoreface), while the thin mudrock intercalations ( Figure 10E ) become thicker, separating the Blinkberg into coarsening-upward parasequences. Finally, the Swartruggens Formation also experiences similar proximal-distal changes. Proximal parts in the western arm of the Cape Fold Belt are made of coarser and cross-stratified sandstone (facies 3), intermediate locations have more heterolithic character where repetitive coarsening-upward parasequences are well-developed (Figures 8, 10A and B), and distal parts, such as near Ladismith (Figure 1 ), are predominantly mudrock deposited under shelf conditions.
While it is clear that the regional stratigraphic architecture of the lower Witteberg Group is sufficiently explained by a hierarchical series of global sea-level fluctuations, it is still possible that tectonic subsidence/uplift played some role. The fact that the rate of subsidence varied regionally is shown by the consistently greater thicknesses of the Witteberg Group as a whole, as well as each of its constituent formations, in the eastern part of the Cape Fold Belt as compared with the western part (Theron and Loock, 1988; Broquet, 1992; Theron, 1993) . The question remains, however, as to whether the subsidence rate varied through time. The sequence-stratigraphic analysis presented in this paper provides a basic stratigraphic framework that will make it possible to evaluate that question.
Conclusions
The lower Witteberg Group (Mid-to Upper Devonian; midGivetian through Frasnian Stage) in the Cape Fold Belt of South Africa was deposited in conditions ranging from upper shoreface to inner shelf along a storm-dominated coastal margin. Its three principal facies are organized into a cyclic series of approximately forty small-scale shallowing-upward parasequences that average about 12 m thick. These record repeated progradation and retrogradation of the coastal margin, with a periodicity estimated at between 250 and 300 ka. Thicknesses of these lower Witteberg parasequences are very similar to the average thickness of shallowing-upward cycles found in contemporaneous Upper Devonian strata on four other continents, thereby demonstrating that the repeated migrations of the coast were caused by global eustasy in the Milankovitch range.
The parasequences in the lower Witteberg Group are organized in the form of 3.5 stacks of up to ten parasequences each, wherein the upper, sandstone members in the parasequences show increasing robustness. These stacks represent progradational parasequence sets whose origin is related to third-order fluctuations of relative sea-level. The approximately 3.0 my recurrence interval and their correlation with the global cycles Ila through lId of Johnson et al. (1985) suggest that the parasequence sets formed under the influence of third-order cyclic fluctuations of sea-level. This approach demonstrates the utility of using sea-level history as a means of dating these poorly fossiliferous strata, and it strengthens the assignment of the age of the lower Witteberg Group as mid-Givetian through Frasnian Stage.
